ABSTRACT Supplemental 1α-hydroxycholecalciferol (1α-OHD 3 ) has been shown to have qualitatively similar and quantitatively additive effects to exogenous phytase. Two experiments were conducted from 0 to 35 d in floor pens to determine the additive effect of phytase and 1α-OHD 3 when supplemented to Ca-and P-deficient diets. In both experiments, at least 4 replicates per treatment (50 chicks per replicate) were used. Corn-soybean-mealand soybean-oil-based diets were fed and birds were raised in a house impervious to ultraviolet light. During the starter phase (ST), from 0 to 18 d, chicks were fed a 23% CP diet containing 0.60% Ca and 0.47% total P (tP). During the grower/finisher phase (GF), from 19 to 35 d, birds were fed a 19% CP diet containing 0.30% Ca and 0.37% tP. A combination of 1,000 phytase units/kg of Natuphos phytase and 5 g/kg of 1α-OHD 3 (P+1A) was supplemented to some of the feed during the ST and GF. Diets containing adequate Ca and P were also fed during the ST (0.90% Ca, 0.68% tP) and GF (0.80% Ca, 0.67% tP).
INTRODUCTION
Phytate phosphorus (PP) is poorly utilized by chickens and other nonruminants as they do not have the microflora required to significantly hydrolyze the phytate molecule. Increasing public pressure to reduce excessive P in poultry manure in recent years has stimulated research into methods to increase the availability of PP. Microbial phytases added to the feed to increase the hydrolysis of the phytate molecule in vivo is one such method (Nelson et al., 1971; Simons et al., 1990) . Various hydroxylated vitamin D analogues, including 1,25-dihydroxycholecalciferol (1,25-(OH) 2 D 3 ), the hormonal form of vitamin D, and its synthetic analogue, 1α-hydroxycholecalciferol (1α-OHD 3 ), also have been used to improve PP utilization in broiler chickens under 2005 Poultry Science Association, Inc. Received for publication January 27, 2005. Accepted for publication June 15, 2005. 1 To whom correspondence should be addressed: jdriver@ jax.org.
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Performance characteristics and the incidence of rickets and tibial dyschondroplasia were measured at 18 and 35 d. In experiment 1, unsupplemented chicks performed well but had considerable leg problems. Chicks fed P+1A during the ST or GF did not perform as well as birds fed P+1A throughout. Birds fed P+1A throughout performed as well birds fed the adequate diets without any indication of leg problems. In experiment 2, unsupplemented birds performed similarly to unsupplemented birds in experiment 1. However, chicks fed the supplements or the control diets did not perform as well or accumulate as much bone ash as birds in experiment 1, although the diets were formulated identically in both experiments. Diets with as little as 0.30% Ca and 0.37% tP appear to be adequate for broilers older than 18 d if supplemented with the correct amounts of phytase and 1α-OHD 3 . However, there are unknown variables that may limit the potential of broilers in terms of bone mineralization and bone pathology, even when adequate diets are fed.
experimental conditions (Edwards, 1993; Biehl et al., 1995; Mitchell and Edwards, 1996; Biehl and Baker, 1997) . However, the mechanism by which these analogues increase utilization is still under investigation.
Several studies have established that either 1,25-(OH) 2 D 3 or 1α-OHD 3 improve PP retention additively and synergistically with the phytase enzyme when both are fed to broiler chickens together (Edwards, 1993; Mitchell and Edwards, 1996; Biehl and Baker, 1997) . This suggests that these carbon-1α hydroxylated vitamin D metabolites do not simply imitate phytase by hydrolyzing phytate molecules, but increase PP utilization by other means.
A combination of 1,25-(OH) 2 D 3 or 1α-OHD 3 and phytase in the diets of broiler chickens fed low levels of Ca and P results in a significant sparing effect of both minerals and improved absorption of trace minerals, including zinc and manganese (Roberson and Edwards, 1994; Biehl et al., 1995) , which are known to have decreased absorption in the presence of intact phytate (O'Dell and Savage, 1960; Halpin and Baker, 1986) . At this time, synthesis of 1,25-(OH) 2 D 3 is not cost effective for use in animal nutrition. However, Biehl et al. (1998) stated that the 1α-OHD 3 analogue could be synthesized at less than 1% of the cost of 1,25-(OH) 2 D 3 at the time their work was published, whereas its efficacy is virtually identical to 1,25-(OH) 2 D 3 (Haussler et al., 1973) . This suggests that 1α-OHD 3 may be a viable alternative to 1,25-(OH) 2 D 3 in poultry diets.
To date, none of the studies conducted using a combination of either 1α-OHD 3 or 1,25-(OH) 2 D 3 and phytase in broiler chickens has investigated the practicalities of replacing a certain portion of dietary inorganic Ca and P under commercial grow-out conditions using more than a single-phase feeding program (Edwards, 1993; Biehl et al., 1995; Mitchell and Edwards, 1996; Biehl and Baker, 1997) . The objective of the current work was to evaluate the implications of replacing a significant portion of inorganic Ca and P with 5 g/kg of 1α-OH D 3 and 1,000 phytase units (FTU)/kg of Natuphos phytase in diets of fast-growing broiler chickens raised under conditions that closely approximate those found in commercial broiler houses in the United States. Two experiments were conducted in which broiler performance, bone mineralization, and the incidence and severity of rickets and tibial dyschondroplasia (TD) were measured at the end of both the starter (ST) and grower/finisher phases (GF) of production. Results were compared with the results from broilers fed diets with adequate Ca and P levels.
MATERIALS AND METHODS

General Procedures
Experiments 1 and 2 were conducted in a broiler house with space heaters and evaporative cooling beginning in December and April, respectively. Target temperatures were 30, 29, 27, 26, 24 , and 23°C for d 0 to 3, 4 to 6, 7 to 12, 13 to 15, 16 to 22, and 23 to 35, respectively. High and low temperatures were recorded daily and did not vary from targets by more than 2°C. Stirring fans maintained uniform temperatures within each room of 24 pens with separate heating and cooling systems. In experiment 2, with 2 rooms of 24 pens, room-to-room variation never exceeded 2°C. The broiler house was completely enclosed and lighting was provided by incandescent bulbs to prevent birds from being exposed to ultraviolet radiation and synthesizing their own vitamin D. Photoperiods were 24L:0D in experiment 1 and 23L:1D in experiment 2. Dietary Ca and total P concentrations were analyzed according to the Hill (1965) and Latta and Eskin (1980) methods, respectively.
Experiment 1
One thousand two hundred Cobb × Cobb broiler chicks of mixed sex were randomly allocated, 50 per pen, to 24 floor pens (119 × 300 cm) covered with pine shavings. Each pen was considered a replicate. There were 5 dietary feeding regimens (treatments), where each regimen consisted of a ST diet from 0 to 18 d and a GF diet from 19 to 35 d. All diets (Table 1) contained 1,100 IU/kg of vitamin D 3 and were fed as a mash. A ST and a GF diet deficient in Ca and P were mixed ( Table  1 ). The ST diet was formulated to contain 0.60% Ca and 0.24% nPP (0.47% tP) and the GF was formulated to contain 0.30% Ca and 0.14% nPP (0.37% tP). Each deficient diet was mixed with no added phytase and 1α-OH D 3 or with both 1,000 FTU/kg of Natuphos phytase (analyzed activity was 1,701 FTU/kg 2 ) and 5 g/kg of 1α-OHD 3 ( Table 2 ). The fifth feeding regimen served as a positive control and consisted of ST and GF diets adequate in Ca and P (Table 1) . Neither of the adequate diets was supplemented with phytase or 1α-OHD 3 . A randomized block design was used in which the 24 pens in the house were divided into 4 blocks of 6 pens each. Each block contained one replicate from each feeding regimen, except for the positive control regimen, which appeared twice in each block. Therefore, 4 replicates per treatment were used with the exception of the control, which had 8. Feed and water were consumed ad libitum by the chickens.
Feed and average pen weights were recorded at the start of the study and at the end of both the ST and GF for determination of body weight gain (BWG) and feed conversion ratio (FCR). At d 18 and 35, 10 birds per pen were killed by carbon dioxide asphyxiation and their left tibias were removed for bone ash determination on a dry fat-free basis (method 22.10; AOAC, 1995) . Their right tibias were used to determine the incidence and severity of Ca rickets (Long et al., 1984a) , P rickets (Long et al., 1984b) , and TD using the 0 to 3 scoring system as described by Edwards and Veltmann (1983) . Two thousand four hundred broiler chickens of mixed sex were randomly allocated, 50 per pen, to 48 floor pens. Each pen was considered a replicate. The basal diet formulations were identical to those in experiment 1 (Table  1 ). There were 3 ST diets (0.60% Ca, 0.47% tP; 0.60% Ca, 0.47% tP + phytase + 1α-OHD 3 ; 0.90% Ca, 0.68% tP) and 4 GF diets (0.30% Ca, 0.37% tP; 0.30% Ca, 0.37% tP + phytase; 0.30% Ca, 0.37% tP + phytase + 1α-OHD 3 ; 0.90% Ca, 0.68% tP) fed in a factorial arrangement making 12 regimens.
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Effect of phytase and 1α-OH-cholecalciferol supplementation (P + 1A) on body weight gain (BWG), feed intake, and feed conversion ratios (FCR) of broiler chickens during the starter and grower/finisher phases, experiment 1 Values within variables with no common superscripts differ significantly (P < 0.05) when tested with Duncan's multiple range test following analysis of variance. 1 Reps = replicates; total P. 2 P + 1A represents 1,000 phytase units/kg Natuphos 5000 plus 5g/kg 1α-OH cholecalciferol.
Experiment 2
Each room contained 2 blocks of randomly assigned treatment regimens. Each of the 12 treatments appeared once in each block making up 4 replicates per treatment. All other details regarding experiment 2 were identical to experiment 1, with the exception that the incidence of valgus deformation of the intertarsal joint, as described by Julian (1984) , was recorded for those birds removed on d 18 and 35 for tibia ash determination and bone scoring.
Statistical Analysis
Analysis of variance was performed on all data for both experiments using the GLM procedure of SAS (2001) appropriate for a randomized block design. Treatment means were compared using the Duncan's multiple range test (Duncan, 1955) .
RESULTS
Experiment 1
The BWG, feed intake, and FCR of chicks receiving the Ca-and P-deficient diet supplemented with phytase and 1α-OHD 3 were not different (P > 0.05) from chicks fed the adequate diet when compared at the end of the ST (Table 2) . A significant block effect was obtained for FCR, which may have been due to unidentified differences in the temperature of ventilation in the room. When comparing performance from the beginning to the end of the GF, only those broilers fed the supplements throughout the ST and then the GF (regimen 4) were able to achieve BWG and feed intake responses comparable to broilers fed the positive control (regimen 5). For broilers fed the supplements during the ST alone (regimen 2), overall performance was not significantly different (P > 0.05) from the birds fed the positive control regimen or birds fed the supplements throughout (data not shown), although FCR was significantly higher for these birds during the GF ( Table 2 ). Broilers that received the unsupplemented deficient diet during the ST (regimen 3) were the most feed efficient during the GF, when fed the deficient diet supplemented with phytase and 1α-OH D 3 .
Tibia ash at the end of the ST, for chicks fed the supplements was not significantly different (P > 0.05) from that of chicks fed the adequate diet (Table 3) . However, at d 35, broilers fed the supplemented diets throughout the study (regimen 4) had lower tibia ash values compared with birds fed the positive control regimen (regimen 5). Tibia ash values for chickens fed the supplements during the ST alone (regimen 2) were marginally higher (P < 0.05) than the completely unsupplemented broilers (regimen 1) at d 35. Chicks that received no supplementation during the ST showed little response to supplementation during the GF (regimen 3) compared with chicks that did receive the supplements during the ST (regimen 4).
Phosphorus rickets scores at d 18 were high for chicks fed the unsupplemented deficient diet, whereas those fed supplements or the adequate levels of Ca and P had low scores and showed no signs of the disease (Tables  4 and 5) . No rickets or TD was observed in chicks fed any of the regimens when growth plates were examined at d 35.
Experiment 2
As in experiment 1, BWG, feed intake, and FCR of chicks fed the deficient diet plus the supplements were similar to chicks fed the adequate diet at the end of the ST (Table 6 ). Broilers fed the supplemented diet or the adequate diet during the ST also grew better and ate more during the GF than those that were fed the unsupplemented deficient diet (Table 7) . As in experiment 1, there was no difference in the performance between Rickets and tibial dyschrondroplasia (TD) were scored 0, 1, 2, or 3, with 3 being the most severe (Edwards and Veltmann, 1983) . Values within variables with no common superscripts differ significantly (P < 0.05) when tested with Duncan's multiple range test following analysis of variance.
1 Reps = replicates; total P.
2 P + 1A represents 1,000 phytase units (FTU)/kg Natuphos 5000 plus 5g/kg 1α-OH cholecalciferol. P represents 1,000 FTU/kg Natuphos 5000.
broilers fed the supplements throughout (regimen 7) and broilers fed the positive control, regimen 12 (P > 0.05). The broilers that performed best were those fed the adequate diet during the ST and either the deficient diet plus phytase and 1α-OHD 3 , or the deficient diet plus phytase alone, during the GF (regimens 10 and 11, respectively). No significant differences (P > 0.05) were found between birds fed the deficient diet plus phytase and 1α-OHD 3 or the same deficient diet plus phytase alone for any of the performance variables measured, irrespective of which diet was fed during the ST. Again, birds fed the supplements during the ST followed by the unsupplemented deficient diet during the GF had the poorest FCR (regimen 5). Chicks fed the supplements or the adequate diet were unable to achieve the same 18-d percentage tibia ash values (Tables 8 and 9 ) as chicks fed the same diets in experiment 1 (Table 3) . Furthermore, these tibia ash values were significantly lower (P < 0.05) than those obtained from chicks fed the adequate diet, although tibia ash for chicks fed the unsupplemented deficient diet was similar in both experiments.
The 35-d tibia ash level was increased when the adequate diet was fed compared with the unsupplemented regimen, but not when the supplements were fed. The type of diet fed during the ST appeared to have no effect on the mineralization of tibias during the GF (Table 8) .
The incidence of valgus deformity at 18 d was significantly reduced (P < 0.05) by feeding the supplemented or adequate diets (Table 9 ). No differences in incidence of valgus deformity were found for any of the diets at d 35 (Table 9) .
At d 18, chicks fed the deficient diet had P rickets; however, the severity and incidence of the disease (Tables 10, 11, 12, and 13) was much lower than what was observed in experiment 1 (Tables 4 and 5 ). A further difference was the presence of P rickets symptoms in chicks fed the supplements or the adequate diet, whereas identically formulated diets in experiment 1 eliminated P rickets completely. A significant level of Ca rickets and TD also was detected at d 18. However, the severity and incidence of these diseases did not differ significantly between diets. No significant Ca or P rickets were found at d 35, but some TD was detected.
DISCUSSION
It is not clear why broilers responded differently to treatment diets in experiments 1 and 2 with regard to bone mineralization and quality. Broilers in experiment 1 responded similarly to broilers from previous experiments conducted in our own laboratory using 0-to 16-d-old chickens fed identically formulated ST diets with the same levels of phytase and 1α-OHD 3 (our unpublished data). Results of experiment 1 also were similar to the reported literature where several studies have shown the additive effect of feeding a combination of phytase with either 1α-OHD 3 or 1,25-(OH) 2 D 3 to broiler chicks (Edwards, 1993; Biehl et al., 1995; Mitchell and Values within variables with no common superscripts differ significantly (P < 0.05) when tested with Duncan's multiple range test following analysis of variance. 1 Reps = replicates; total P. 2 P + 1A represents 1,000 phytase units (FTU)/kg Natuphos 5000 plus 5 g/kg 1α-OH cholecalciferol. P represents 1,000 FTU/kg Natuphos 5000. Edwards, 1996; Biehl and Baker, 1997) . Indeed, the combination of phytase and 1α-OHD 3 added to the deficient diets was, with the exception of the percentage tibia ash, as good as feeding the adequate diet for all the variables measured. The extremely low levels of Ca and P (0.30% Ca and 0.37% tP) in the deficient diet fed during the GF were probably insufficient to maximize tibia ash even when the supplements were added.
Although broilers in experiment 2 responded similarly to broilers in experiment 1 when fed the Ca-and P-deficient diets, bone mineralization of these birds responded poorly to the adequate diets and the deficient diets supplemented with phytase and 1α-OHD 3 . Tibia Values within variables with no common superscripts differ significantly (P < 0.05) when tested with Duncan's multiple range test following analysis of variance. 1 Reps = replicates; total P. 2 P + 1A represents 1,000 phytae units (FTU)/kg Natuphos 5000 plus 5 g/kg 1α-OH cholecalciferol. P represents 1,000 FTU/kg Natuphos 5000. ash values were particularly low even when the adequate diet was fed. The final percentage tibia ash was 37.7% compared with 41.1% for chicks fed the adequate diet in experiment 1. A previous study using Cobb × Cobb chicks from the same hatchery showed that broilers could attain tibia ash values in excess of 40% when fed diets with as little as 0.325 % Ca (0.45% nPP) form 19 to 42 d as long as a diet with adequate Ca and P was fed during the ST (Driver et al., 2003) .
The reason for the poorer tibia ash values in experiment 2 cannot be easily explained. The average chick weights at 1 d of age in both experiments were very similar (43.6 and 45.6 g in experiments 1 and 2, respec- Values within variables with no common superscripts differ significantly (P < 0.05) when tested with Duncan's multiple range test following analysis of variance.
1 Reps = replicates; total P. 2 P + 1A represents 1,000 phytase units (FTU)/kg Natuphos 5000 plus 5g/kg 1α-OH cholecalciferol. P represents 1,000 FTU/kg Natuphos 5000.
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Rickets and tibial dyschrondroplasia (TD) were scored 0, 1, 2, or 3 with 3 being the most severe (Edwards and Vetlmann, 1983) . Values within variables with no common superscripts differ significantly (P < 0.05) when tested with Duncan's multiple range test following analysis of variance.
2 P + 1A represents 1,000 phytase units (FTU)/kg Natuphos 5000 plus 5 g/kg 1α-OH cholecalciferol. P represents 1,000 FTU/kg Natuphos 5000.
tively). Analyzed Ca values for the deficient diet during the ST were lower for experiment 2 compared with experiment 1 (Table 1) . However, if these values are accurate, a greater response to phytase and 1α-OHD 3 should have been observed for the more deficient diet in experiment 2. Although the first experiment was conducted in the winter and the second experiment was conducted in the spring, temperatures in the houses were well regulated and should not have influenced the results appreciably. One possible explanation for the differences in responses between experiments could be the quality of the chicks used. Both groups of birds were Cobb × Cobb and obtained from the same commercial hatchery; however, the identity of the parent flock in each case was unknown. Microbial contamination, age, and the level of nutrition of the breeder flock are some of the factors that could have influenced the performance of the progeny and the outcome of each experiment. Clearly there are unknown and therefore uncontrolled variables in all experiments with Ca, P, vitamin D 3 metabolites, and phytase.
In conclusion, the current work suggests that under normal grow-out conditions, it could be practical to replace a significant portion of the inorganic Ca and P with phytase and 1α-OHD 3 in the diets of broiler chickens. The very low Ca and P levels in the deficient diets (0.60% Ca, 0.47% tP; 0.30% Ca, 0.37% tP for the ST and GF, respectively) were sufficient to optimize BWG and FCR when supplemented with phytase and 1α-OHD 3 . However, the supplements were unable to maximize tibia ash. Further testing is needed to establish the Ca and P levels necessary to maximize tibia ash with the levels of phytase and 1α-OHD 3 used in these experiments.
Experiment-to-experiment variation remains important. Broilers responded quite differently to the same diet formulations in different, apparently identical experiments. The percentage of tibia ash obtained when feeding Ca-and P-deficient diets with phytase and 1α-OHD 3 may (experiment 1) or may not (experiment 2) be similar to feeding adequate Ca and P diets. Further investigation of those factors responsible for the variability obtained in such experiments needs to be conducted.
